Abstract It is believed that European beech (Fagus sylvatica L.) will increase its competitive ability at its northern range margin in Scandinavia due to climate change. In mixed old-growth forests of beech and Norway spruce (Picea abies (L.) Karst.) at Siggaboda nature reserve (southern Sweden), stand structure characteristics were sequentially recorded in the years 2004, 2005 and 2007 as well as growth in stem diameter using tree-coring analyses. Using these measurements, we studied the effects on stand dynamics of an extreme storm event (2005 ''Gudrun'' hurricane), drought and heat (mid-summer 2006, spring 2007) and subsequent bark beetle attacks on spruce (growing season 2007), overlaid with warming tendencies. The storm, which caused disastrous damage in many stands nearby, had comparatively little impact on the structure of the spruce-beech stand. All together, only 32 trees (19 spruces, 10 beeches, 3 other species) per hectare were thrown or broken mainly in the leeward direction (NE) or impacted by secondary damage by uprooted neighbour trees; this represents 7% of the total tree number and 11% of the growing stock. Diameter and height structure did not change significantly. However, the 2006 drought and the 2007 attack of biotic agents changed the stand structure and composition strongly due to the death of about 19% of the dominating older spruce trees that accounted for 35% of total stand volume. This resulted in a considerable increase in beech's contribution to stem number (4% increase) and wood volume of the living stand (7% increase). A comparison of diameter growth of beech and spruce during the periods 1894-1949 and 1950-2005 showed a distinct decrease in growth superiority of spruce during the last 50 years. These results support the idea of a northward migration of European beech as a nemoral tree species in Sweden, due to a higher tolerance to the abiotic and biotic threats accompanying climate change and an increased competitive ability compared to boreal tree species Norway spruce.
Introduction
Today, European beech (Fagus sylvatica L.) seems to be a markedly successful tree species in the centre of its distribution range (Leuschner et al. 2006) ; its range in north-eastern Europe is believed to be larger than its estimated original distribution (Giesecke et al. 2007; Bolte et al. 2007) . At the northern margin of beech's range in southern Sweden, mean annual air temperature has risen about 1°C during the past 100 years and is projected to increase by a further 2-6°C by the end of this century due to climate change . The likely extended growing season and a precipitation decrease of up to 40% ) may favour the competitive ability of European beech compared to the currently dominant Norway spruce (Picea abies (L.) Karst.) (Bolte et al. 2009 ). With regard to future storm impacts, there are several coherent model simulation outputs that point to a slight increase (with a high degree of uncertainty) in the frequency of extreme storms in Europe (Leckebusch and Ulbrich 2004; Fuhrer et al. 2006) . Occurrences of extreme wind intensity are also expected to increase (Leckebusch et al. 2006 ) with a focus in northwestern Europe, including southern Scandinavia. Under these future conditions, the performance of Norway spruce may be reduced compared to beech, due to its higher susceptibility to wind throw (e.g. Schlyter et al. 2006) . Moreover, warming and increased drought and storm risks are accompanied by additional biotic threats due to changed pathogen and pest regimes (Jönsson et al. 2007 ). Timber losses due to bark beetle infestations in European coniferous forests (including Norway spruce) have already increased in the recent past (Schelhaas et al. 2003; Dobbertin and DeVries 2008) .
Thus, climate change may alter not only growth, survival and reproduction conditions, but also the distribution, extent, frequency and/or intensity of discrete disturbance events. These disturbances will have strong impacts on forests as a whole (Dale et al. 2001 ) and on the competitive interactions of tree species within forest ecosystems.
The present study was conducted in a semi-natural oldgrowth spruce-beech forest in Småland (southern Sweden). From 2004 onwards, the stand suffered three extreme abiotic and biotic disturbance events, all of which are thought to increase in frequency and/or intensity due to climate change (Schlyter et al. 2006 ). These events comprised the 'Gudrun' hurricane in January 2005, a midsummer drought and heat wave in 2006 and a bark beetle attack during 2007. The specific objectives of this study were (1) to analyse the impacts of the different disturbance events on the stand structure, (2) to compare warming and disturbance effects on spruce and beech trees and (3) to evaluate potential changes in the interspecific competitive abilities of mixed spruce and beech.
Materials and methods

Study site and stand characteristics
The study area is located at Siggaboda nature reserve (70 ha) in southern Småland (56°27 0 N; 14°33 0 E), at the southern margin of the boreo-nemoral zone (Sjörs 1999) . It is part of the Småland's forest and lake district and situated 140 m to 165 m a.s.l on a plateau criss-crossed with small boulder ridges (Fig. 1) . The moss-covered boulders, measuring up to 5 m in diameter, are a significant feature of the reserve, along with the rare invertebrate fauna and epiphytic lichen flora (Nilsson et al. 1995) .
Mean annual temperature is 6°C, whilst during the growing season (May to September) the mean temperature is 12°C. Mean temperature varies from -3°C in January to 15°C in July; annual precipitation is 700 mm year -1 (Raab and Vedin 1995).
Soil has developed from granitic gneiss bedrock covered with moraine sediments. Fine soil material is dominated by silt (40-50%) and sand (33-52%); the clay proportion is relatively low (8-17%). Organic material has accumulated to a thick organic layer of 10-12 cm; thus, humus type is raw humus with a high C/N ratio. Soil type is a Cambic Podzol (FAO 1990) or Haplic Podzol (BGR 2007) with a high moisture status. The drained soil is acidic, occurring in the aluminium and iron buffer range (Ulrich 1983) , usually with limited exchangeable base cations (Table 1) . Thus, nutrition status is quite poor. Due to water logging in the few depressed areas, small acidic fens have developed; however, their extent is limited.
An old-growth mixed and multilayered forest of mainly Norway spruce and European beech covers about 10 ha in the reserve's core area (Fig. 1) . In the 1940s, the forest was protected from logging; however, a forest map from 1909 (Carbonnier acc. to Brunet, pers. comm.) and studies by Niklasson et al. (2002) suggest that most probably the forest has remained mainly untouched for at least the past 100 years. Since 1995, 60 ha of previously managed Norway spruce adjoining the old-growth has become a buffer zone; accordingly the total reserve area accounts for 70 ha (Anonymous 2007) .
A reconstruction of Siggaboda forest's development and fire regime during the last 1,000 years in the core plot (5 ha) by Niklasson et al. (2002) revealed that Pedunculate oak (Quercus robur L.) and Scots pine were abundant until the beginning of the nineteenth century and were then replaced by Norway spruce and European beech. The sudden end of previously frequent forest fires and the accompanying human disturbance 260 years ago led to the subsequent colonization of spruce. These factors are reputed to be main reasons for the loss of regeneration ability of pine and oak and thus forest succession.
At the time of study commencement in 2004, the uneven-age mixed forest in the centre of the core area (1 ha) was dominated by up to 144-year-old Norway spruce trees (80% of the stand basal area). In contrast, several European beech individuals reached ages of more than 250 years, but they were less abundant (17% of the stand basal area). Other tree species like Scots pine (Pinus sylvestris L.), Silver and Downy birch (Betula pendula Roth, B. pubescens Erh.), Mountain ash (Sorbus aucuparia L.) and Norway maple (Acer plataniodes L.) occurred rarely (3% of stand basal area). Tree regeneration mainly of spruce and beech occurred on several parts of the core plot; however, it was patchy and unevenly spread. Herbaceous vegetation was sparse, with Vaccinium myrtillus and Oxalis acetosella as the dominant species. However, thick carpets of mainly feather mosses (Hylocomium splendens, Fig. 2 ), where forest damage was often severe. The salvage cuttings and forest rehabilitation measures that followed in the Halland region were accompanied with a mid-summer drought (precipitation was 28 and 58 mm below average for June and July, respectively) and a heat wave (1.4-4.5°C above mean temperatures) in the following year 2006 (Fig. 3) . There was an extraordinarily warm start to the 2007 growing season (March to May: 1.3-4.8°C above mean temperatures), with several spruce trees at Siggaboda reserve being attacked by bark beetles (Ips typographus), resulting in considerable die-off of emergent spruce trees.
Measurements
For stand structure recordings, we selected a quadratic 1 ha core plot (100 m 9 100 m) in the centre of the semi-natural old-growth forest and subdivided the plot using a 20 m-grid (cf. procedure for German forest nature reserves, Meyer et al. 2001) . The selected forest area was a typical section of the old-growth stand. In total 36 grid points of the core plot were leveled with an ultrasonic hypsometer (Vertex III, Haglöf Inc. Sweden) and a compass (PM-5/ 400PC, Suunto Inc., Finland) and subsequently permanently marked with wooden stakes.
Over the entire 1 ha core plot, in December 2004, we recorded each tree with a dbh (tree diameter at 1.3 m above the ground) of 7 cm and larger. For each tree, we recorded species, cardinal location coordinates of the stem using above mentioned equipment and dbh with a girth tape. Subsequently, a tagging system (Signumat, Latschenbacher, Austria) was used for temporarily (between 2004 and 2007) marking and numbering each tree measured. In addition, tree crown base height (CBH), crown mid height (CMH, where maximum crown width occurs) and tree top height (TH) were measured in a central subsample of nine grid cells (0.36 ha). In early May 2005, before beech flushing, we mapped each tree's crown cover as the vertical projection of the outermost limits of the branch spread, determining coordinates from eight orthogonal projected crown edge points (cf. Frech et al. 2003) . Additionally, all wind-thrown trees of the 'Gudrun' storm event were recorded with their windthrow direction (polar angle in gon) and distance between stem centre and the most distant tree parts. The last recording campaign in June 2007 included an assessment of the health status of all trees within the core plot; identifying dead and dying trees affected by insect attacks.
For tree coring, 29 beech and 23 spruce trees were selected in total. Of them, 73% were dominant and codominant and 27% were intermediate or suppressed. The study trees were cored at the end of August 2006 twice in opposite directions at a height of 1.3 m. The increment cores were mounted on wooden boards, sanded, polished and visually cross-dated. Then, the width of every tree ring was measured at a precision of 1/100 mm using a LINTAB positioning table.
Data analysis
All recorded data were first organized in one relational database running on the open source database system PostgreSQL. For statistical analyses, we used the software package Statistica 7 (StatSoft Inc. 2005) . Spatial analyses were partly performed with GIS (ArcGis 9, ESRI Inc.). ) (right) due to 'Gudrun' storm, location of Siggaboda nature reserve (SMHI 2005, modified) For the estimation of non-measured height data from measured dbh data, we established a stand height curve using a Petterson function (Petterson 1955, Eq. 1; Fig. 5) .
where h = tree height; dbh = diameter at breast height (1.3 m) and a 0 , a 1 = empirical parameter. Missing crown dimension data of the core plot trees outside the central subsample area were derived from diameter and height data using following function (Pretzsch and Kahn 1998, Eq. 2) :
where CW = crown width, dbh = diameter at breast height (1.3 m); h = tree height and a 0 ,…, a 3 = empirical parameter.
The model fits were achieved by a non-linear regression analysis considering the tree height and crown width residuals (cf. Pretzsch 2001) . Fitting criterion was minimal quadratic variation and maximal coefficient of determination (r 2 ). For stand structure analyses and visualisation, we used the stand simulator BWIN-Pro 7 (Nagel et al. 2006 ) that is Horizontal tree distribution patterns were analysed with the aggregation index of Clark und Evans (1954, Eq. 5) . This method relates the mean (" r a , Eq. 3) of observed treenearest neighbour distances (r i , Eq. 3) to the predicted mean (" r e , Eq. 4) according to a random horizontal tree distribution (Poisson distribution):
where n = tree number,
where p = tree density (tree number per area),
where R = Index of Clark and Evans; R \ 1: clustered distribution tendency, R = 1: random distribution and
Inter-tree competition was quantified with the competition index CI (Pretzsch and Schütze 2005, 2009, Eq. 6) . Reference trees' competitors were identified by a virtual reverse cone approach (Pukkala and Kolström 1987; Biging and Dobbertin 1992; Pretzsch 1995) : the axis of the reverse cone and tree axis were overlaid, and the cone's axis was placed in the tree crown. We used a 60°-vertex angle and defined 60% of tree height as basis height. All competitors' tree tops were situated within the virtual cone.
where CI i = competition index for the reference tree i, ß j = angle between cone vertex and competitor's (j) tree top, CCA j , CCA i = crown sectional area of competitors (j) and reference tree (i), TM j = species-specific light transmission coefficient for competitor tree (j) (TM for European beech = 1.0, Norway spruce = 0.8), n = number of competitors (j) to reference tree (i). CI considers both tree-competitor distances and tree dimension differences in terms of height and crown extension between reference tree and competitors. The novel application of a species-specific transmission index allows a differentiated assessment of crown competition of either European beech or Norway spruce in the mixed stand.
Significant variation of wind-throw direction was assessed by comparing our recordings after 'Gudrun' hurricane with a chi-square probability distribution using STATISTICA (StatSoft Inc. 2005) .
Tree ring width data were analysed using TSAP software (Rinntech, Heidelberg); mean series were established and statistically checked by using the program COFECHA (Holmes 1983) . Pointer years have been determined when the tree-ring width deviated by 40% from the long-term trend, using a 13-year moving average (Cropper 1979; Bonn 1998; Neuwirth et al. 2007 ). For the climate analyses, a two-step-standardisation method was conducted by applying linear regressions and cubic smoothing splines to the mean series. For standardisation and index calculation, the software ARSTAN (Holmes et al. 1986 ) was used. Correlations between the tree-ring width series and the climate variables temperature and precipitation were calculated with the software DENDROCLIM2002 (Biondi and Waikul 2004) .
Results
Stand structure
The comparison of stand characteristics before (December 2004) and after the 'Gudrun' storm (May 2005) as well as after drought and biotic impacts had occurred (June 2007), gives insight into both abiotic and biotic effects on the forest development ( Fig. 4; Table 2 ).
At the study's commencement in 2004, the spruce trees had, in comparison to the beech trees, higher height and diameter means and contributed much more to the stand's basal area (spruce: 80%, beech: 17%) and growing stock (spruce: 86%, beech: 12%, Table 2 ). Spruce dominance is also visible in the stand height curves of both main species: spruces attained with a dbh of 40 cm a height of approximately 28 metres on average, whereas beech trees of the same diameter were six metres shorter (Fig. 5) .
The frequency distribution in height and diameter classes had two separate peaks for Norway spruce (Fig. 6) . Emergent vertical elements of the first tree layer were singular tall spruce trees with a top height over 30 m that accounted for 18% of the total spruce tree number. Spruce dominated also the first tree layer between 20 and 27 m height that included about 37% of spruce trees. About 45% of the spruces are part of a second, subordinate tree layer with height up to 20 m (Fig. 6, left) . The diameter frequency distribution had a corresponding two-peak-pattern with a first peak at 12 cm and a second at the 48 cm class. Singular emergent spruces reached diameters up to 88 cm (Fig. 6, right) .
European beech height and diameter distributions differed from those of spruce, remaining mainly in the secondary tree layer, and thus behaving as a subordinate tree species. About 80% of the beech assemblage had tree heights up to 15 m and were part of the understorey and intermediate tree layer. Only 20% of the beech trees attained 15-25 m tree height and were able to grow partly into the first tree layer. Correspondingly, beech was the most abundant in the lower diameter classes from 8 to 24 cm, and frequency decreased steeply towards higher diameter classes showing a classic reverse J-shaped curve (Fig. 6) . In contrast to beech, we did not find for spruce any clear relationship between tree dimension and tree age; beech individuals aged from 45 to 250 years.
Examining the stand's horizontal structure in December 2004, spruce and beech were intermixed on almost the entire core plot area. Some pure spruce groupings were found in the mid-West of the plot in a moist depression, whilst Downy birch was dominant in a fen at the southern- eastern edge (Fig. 4a) . Mixed spruce and beech vary in their aggregation according to the Clarke Evans index R. We found a random spruce stem distribution (R: 1.02, Z Score: 0.6, P [ 0.1), whereas beech individuals showed a significant clustered horizontal stem distribution (R: 0.83, Z Score: -4.53, P \ 0.01).
Disturbance impacts
The 'Gudrun' storm in January 2005 had no significant impact on the mixed structure of the living elements of the stand (Table 2 ). All together, 32 living trees per hectare were uprooted or damaged. Of them, 19 were spruces and 10 were beeches. This accounted for only 7% of living trees. The mean heights and diameters of both species did not alter significantly. The same was found for basal area and growing stock. The storm threw trees in nearly all diameter classes (cf. Hilbrig and Bolte 2006) ; a peak at predominant and dominant height classes was not apparent. Nearly half of the trees lost, including all of the fallen beeches, were not primarily thrown or broken by the storm, but rather by secondary damage caused by neighbouring wind-thrown or wind-broken trees (Fig. 4b) . Recorded tree failures of spruce and beech trees showed a significant Analyses on wind-throw direction included both living and standing dead trees that were thrown (Fig. 7) . Wind throw and breakage direction was mainly towards the East (NE, SE: 0-200 gon), with 70% of the living and standing dead trees thrown in this direction (n = 41), with the highest scores in the NE classes (0-100 gon). Westerly directions (NW, SW: 200-400 gon) accounted for 30% (n = 18) with a decrease in damaged tree number from South-West to North-West direction. Between the main directions East and West, we found a significant deviation from equal distribution of class frequencies (v 2 = 8.97, P \ 0.01).
The widespread tree damage recorded in June 2007 revealed a considerable increase in tree failure following the mid-summer drought 2006 and the bark beetle infestation (Ips typographus) in spring 2007 (Fig. 4c) . However, only spruces were affected. In total, about 19% of spruce trees and 41% of the standing volumes were lost of the remaining living stand after the 'Gudrun' hurricane (Table 2 ; Fig. 8 ). The trees lost were mainly the emergent and dominant spruce trees from the first tree layers (Fig. 8) , changing the mixed stand structure. Large canopy gaps were opened over mainly beech understorey in a belt from South-East to mid-West of the core plot (Fig. 4c) . Competition intensity, defined as combined competition pressure of all competitors to a subject tree, decreased by ca. 40% for both Norway spruce and European beech (using the mean CI competition index, Pretzsch and Schütze 2005). The CI decreased from 2004 to 2007 for beech from 2.8 to 1.7 and for spruce from 2.7 to 1.6, respectively.
Combined effects of all abiotic and biotic disturbance impacts have clearly changed growing stock partitioning among living and dead spruce stand parts, whereas European beech remained nearly unaffected (Table 2; Fig. 8 ). For spruce, all recorded tree failures had a random distribution pattern (Clark Evans R: 0.9, Z Score: -1.47). The storm led to both modest wind-throw of living spruces and wind-breakage of standing dead spruce stems, whereas bark beetles attacks increased the amount of standing dead wood volume. This resulted in a dominance of dead wood volume over the wood volume of living trees. European beech raised its contribution of wood volume of the living stand from 12% in 2004 to 20% in 2007. Spruce contribution to stand growing stock decreased from 86 to 78%.
Long-term radial increment
Apart from the specific and short-term effects of climatic induced disturbances considered, the comparison of longterm radial increment of beech and spruce using dendroecological methods revealed the markedly higher increment of the spruce trees during the observation period from 1894 to 2006 (Fig. 9) . However, since 1976 (which was characterised by an extremely dry summer in southern Sweden, Lehner and Döll 2001) , the radial growth of spruce trees shows a clear decrease. In contrast, beech growth hardly seems to be affected. Its radial growth trend is nearly constant and apparently slightly increases (Table 3 ). Comparing two periods of the same length (1894-1949; 1950-2005) , it becomes obvious that the dominance of spruce increment decreases over the last 50 years.
Discussion
Vegetation dynamics in the past
The old-growth stand in the core area of Siggaboda reserve represents a unique example for a (semi-)natural Norway spruce-European beech forest. The site has been the forest continuously for more than 2,000 years (Björkman and Bradshaw 1996) , a refuge for the fire-sensitive beech during previous disturbances and seems to not have been affected by humans for at least 100 years (Niklasson et al. 2002) . In the boreo-nemoral zone of southern Scandinavia, the natural distribution ranges of Norway spruce and European beech overlap at the northern distribution margin of the beech (Lindqvist 1959; Meusel et al. 1965; Björkman 1999) .
At the Siggaboda core plot, the distinct differences of horizontal stem distribution of Norway spruce (with an apparently random pattern) and European beech (with a clustered distribution) (Fig. 4a) are obviously induced by the varying establishment history of the two tree species. European beech and Norway spruce colonised southern Sweden recently compared to the other native tree species (Bradshaw et al. 2000) : beech between the years 500 and 1650 A.D.-Siggaboda was reached between 1000 and 1100 A.D.-and spruce from 1550 to 1750 A.D., the latter date also applicable for establishment at Siggaboda (Björkman and Bradshaw 1996; Björkman 1996a; Lindbladh et al. 2007 ). There is some evidence that beech establishment in southern Sweden at the stand scale was mainly not driven by climate variation after the last glacial period. Rather, human activities seem to have facilitated the spreading of beech leading to a patchy, discontinuous expansion front with earlier occurrence at sites affected by human activities that had created semi-open forest structures (Björkman 1996b; Bradshaw and Lindbladh 2005) . However, this theory contradicts previous ideas established in Central Europe that beech post-glacial expansion was mainly due to climate warming (Firbas 1949 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 Radial growth and trend [mm] Spruce Beech 1988; Tinner and Lotter 2006) . Following the human impact theory, human-induced forest fire regimes at Siggaboda starting from the year A.D. 1000 onwards may have brought the precondition needed for beech invasion. However, in later times, forest fire prevented the greater expansion and dominance of fire-sensitive beech and restricted beech occurrence to refuges (Niklasson et al. 2002) . This idea fits to our findings that beech occurs even today on the major boulder ridges in the North-East and South-West of the core plot which should be less affected by forest fires (Fig. 4a) . But what kept European beech from significant expansion from its refuges when forest fire ceased suddenly on mid of eighteen century? It is probable that this was mainly due to the rapid expansion of the very competitive spruce from the north, with spruce spreading over the entire core plot area in just 50 years (Björkman and Bradshaw 1996) and causing the decline of Quercus in the area (Niklasson et al. 2002) .
In 2004 (before 'Gudrun'), the diameter frequency distribution of partly spread European beech exhibited in principle a reverse J-shaped curve (Fig. 6 ) that was also reported for some but not all virgin beech forests in Southeastern Europe (Meyer et al. 2003; Westphal et al. 2006) . Linder et al. (1997) found similar distribution values also for Norway spruce in central and northern Sweden. Reverse J-shape diameter distribution is reputed to indicate structural stability of an uneven-aged forest (Sterba 2004 ) with a high density of understorey tree individuals representing candidates for replacing overstorey trees after disturbances. In this respect, beech potential exceeded that of Norway spruce.
Competitive interactions between European beech and Norway spruce
At Siggaboda Reserve, the performance ability of European beech is lower than Norway spruce (Table 2; Figs. 5, 6, 9) . This is obvious in the Norway spruce/European beech ratio before 'Gudrun', which was 1.4 for tree number, but 4.6 for basal area and 7.2 for the standing volume on the core plot. Diameter increment of Norway spruce was more than two times higher than that of European beech (Table 3) , showing an unbalanced productivity of the two competing species as found for Norway spruce-European beech mixtures in Germany (Kennel 1965) . At the northern margin of its distribution range, European beech growth is limited by short growing seasons with quite low mean air temperatures, extended frost periods and cold winter temperatures. According to a compilation of its minimum requirements (Bolte et al. 2007 ), beech needs a January long-term air temperature mean above -3°C (Köppen 1888; Hueck 1936) , less than 141 frost days with a daily minimum temperature under 0°C, and more than 217 days with a daily mean of at least 7°C (Hjelmqvist 1940; Tarasiuk 1999) . At Siggaboda, European beech has reached almost its minimum requirements with mean air temperature ) -2.8°C in both January and February measured at nearby Växjö climate station. Moreover, frost periods often last from November to March, reaching the reputed constraints for length of growing season. Thus, beech performance may be limited by climate as well as by the competitive pressure of the boreal tree species, Norway spruce, which is well adapted to climate conditions such as those found at Siggaboda (e.g. Schmidt-Vogt 1987) and hence competitively superior to beech in the overstorey.
In the understorey and intermediate tree layer of the stand (height\20 m), spruce competitive superiority is less clear, since individuals of both beech and spruce showed similar tree height for the same dbh. The average tree age of the spruce overstorey and understorey differed by more than 70 years, suggesting that growth conditions varied between individuals of both layers. Compared to younger spruce growing under spruce-beech canopy, older dominating spruce individuals may have grown up under a less dense canopy of previously more abundant, but less competitive Scots pine and oak species (Niklasson et al. 2002) . The distinct differences in height/diameter ratio (h/d) with lower values for older spruce and higher ones for young spruce support this idea (Hilbrig and Bolte 2006) . Due to carbon allocation hierarchy (Waring 1987) , diameter growth falls behind height growth when assimilate production is limited by competition (Van Hees 1997; Collet et al. 2002; Ammer et al. 2005; Czajkowski et al. 2005) .
In terms of its competition strategy, beech is well adapted to the asymmetric competition with Norway spruce found aboveground due its greater efficiency in the occupation of canopy space (Pretzsch and Schütze 2005) and its exceptional plasticity in biomass partitioning and carbon allocation (Bolte et al. 2004) . The latter can lead to vertical stratification in the Norway spruce and beech fine root systems (Rothe 1997; Schmid 2002) , also was identified in part at Siggaboda (Kampf, pers. comm.), and results in 'competitive reduction' (Kelty 1992) , particularly for beech (cf. Pretzsch and Schütze 2009) . Therefore, the competition belowground of a Norway spruce-beech overstorey probably is more balanced than that aboveground. This fact is reputedly indicative of the long-term competitive success of beech in mixed stands (Büttner and Leuschner 1994; Schmid 2002) .
Disturbance impacts
Although 'Gudrun' caused disastrous damage and timber losses in southern Sweden, in many Norway spruce plantations in particular, which reflected the storm damage after 'Anatol' in western Denmark and southern Sweden in 1999 Eur J Forest Res (2010) 129:261-276 271 (Bradshaw et al. 2000) , the old-growth Norway sprucebeech forest remarkably was little affected (Table 2 ; Fig. 4b ). When considering the few spruce trees that were thrown over all height classes, the varying microsite conditions, which determine root system anchorage, seemed to be a more important factor for wind-throw risk than tree dimension traits above ground, like tree height (e.g. König 1995; Niklas 2002; Schelhaas et al. 2007) , crown length or width (Röhrig et al. 2006 ) and h/d ratio (Cremer et al. 1982) . On the one hand, the high rigidity and mass of the soil-root plate of trees (Coutts 1986) found in the predominately boulder-rich areas of the core plot increased the uprooting resistance of shallow-rooting spruce with top heights up to 40 m and more (cf. Blackwell et al. 1990 ). On the other hand, much lower spruces of 20-25 m tree height were thrown on stagnic and peat soils that constrain root development and provide low soil rigidity (Nicoll et al. 2008) . Prevailing throw direction towards East with the majority of throws towards North-East (Fig. 7) matches the main south-westerly wind direction during the storm maximum (33 m s -1 at Vaxjö, 08/01/05, 7-9 p.m. SMHI 2005). Nilsson et al. (2007) identified from storm analyses based on the 'Anatol' storm in 1999 a threshold of 30 m s -1 for critical wind speed that was exceeded only for about two hours (SMHI 2005) . Recent wind simulation of the model-system WINDA using regionally downscaled climate change scenarios (Blennow and Olofsson 2008) exhibits a high future probability of exceeding critical wind speed from south-westerly directions at Växjö region.
The presence of European beech in the stand mixture had no considerable positive effect on the stability of neighbouring spruce trees, as was found for mixed spruce-beech stands during the 'Lothar' storm (Schütz et al. 2006) . However, this difference may be due to the fact that the secondary beech layer did not provide support and shelter for first spruce layer, and thus did not increase the collective wind stability (e.g. Mitscherlich 1974; Schelhaas et al. 2007 ). We observed secondary damages to understorey tree caused by fallen or broken overstorey trees that shattered entire plants, bent over, or broke branches from smaller or younger residuals in the surrounding area, leading to a clustered horizontal damage distribution. This damage type, representing half of the tree and all beech losses during the storm event, is similar to logging damage during uneven management (Nyland 1989) and constituted a remarkably large portion of the damage to the otherwise minor storm damages at the Siggaboda core plot.
In contrast to the 'Gudrun' storm in 2005, the midsummer drought and bark beetle attack from 2006 to 2007 had considerable impacts on stand structure and growing stock allocation between living and dead stand components, due to the loss of several dominating spruce individuals (Table 2; Figs. 4c, 8) . Schlyter et al. (2006) illustrated for spruce in northern Europe the interacting effects of biotic agents and climate change (including both climatic extremes and long-term changes): abiotic impacts of climate change (like drought) lower the vitality of spruce and increase its susceptibility to biotic attacks, e.g. by spruce bark beetle. Drought is in particular a problem for shallow-rooting spruce (Puhe 2003) , and root competition with beech may further decrease rooting depth (Schmid 2002; Bolte and Villanueva 2006) . Possible root breakage due to the 'Gudrun' storm may have additionally raised spruce sensitiveness to drought in the following years, when the emergent spruce trees, with large upper crowns and heavily transpiring leaf areas (cf. Herzog et al. 1998) , needed a continuous and sufficient soil water resource supply.
Bark beetle infestation on a catastrophic level following storm damage was observed after the 1969 storms in southern Sweden (Nilsson et al. 2004 ). Since swarming activity of spruce bark beetle (Ips typographus) in southern Sweden is temperature controlled (Jönsson et al. 2007 ), the warm growing seasons 2006 and 2007 (Fig. 3) provided good conditions for the spread of bark beetles at Siggaboda reserve. Salvage cutting was not allowed on the entire 75 ha area of the reserve, and thrown spruce stems remained as good brooding material for bark beetles (Schlyter et al. 2006 ). Thus, a combination of probable vitality decrease in the most dominant spruces and optimal infestation conditions for spruce bark beetle populations led to the remarkably high loss of old spruce individuals.
Finally, the combination of disturbances observed, including wind-throw, drought and bark beetle attack, changed the forest structure mainly by the losses of dominant spruce individuals. This supports prevalent ideas of an increasing abiotic and biotic risk for spruce in southern Sweden due to climate change (e.g. Jönsson et al. 2009 ). Distinct decrease in canopy closure and vertical competition favours the growth of the tree understorey and the intermediate tree layer where beech is over-represented compared to spruce. This indicates that European beech will be at an advantage in the future compared to spruce, with more frequent and intensive disturbances induced by drought, storm and biotic agents having negative consequences for spruce's dominance. These findings are in keeping with a study of long-term disturbances in a Danish semi-natural, deciduous forest, where, given its abundance, storm damage was found to favour beech more than other deciduous tree species (Wolf et al. 2004 ). This result points to a future increase in the importance of beech for forestry in southern Scandinavia.
The long-term success of beech under disturbance regimes may be based on its regeneration recruitment and survival potential under low light conditions (Ellenberg 1988) , and its ability to survive disturbances and impede similar-sized competitors (Pretzsch and Schütze 2009 ).
Long-term warming effects
In addition to a disturbance regime driven by climate extremes, long-term warming is changing growth relations between Norway spruce and European beech. Due to the position in the intermediate tree layer and the relatively short growing season, the radial growth of the beech trees is consistently smaller than the spruce's. A decrease and an increase in the increment of young trees of both species were observed in the periods from 1900 to 1920 and from 1920 to 1940, respectively. The remarkable growth increase in both Norway spruce and beech in latter period indicates a lower competition pressure, perhaps due to natural or anthropogenic disturbances and gap dynamics. Niklasson et al. (2002) found indications of a final, lowintensity logging towards the end of the nineteenth century probably to establish and favour a new tree generation, which may have encompassed some individuals cored in this study. However, since the 1940s, there seems to be direct growth competition after canopy closure between the species: whilst the growth trend of one species increases, the other's decreases (Fig. 9) . Since the 1970s, more precisely since the drought year 1976 when there was an exceptionally dry summer in southern Sweden (Lehner and Döll 2001) , the growth trend of the spruce trees decreases constantly, whereas the beech growth seems unaffected or even slightly increases (Table 3) .
The climate-growth analysis also revealed the increased correlation between beech growth and summer droughts over the last 50 years. In contrast, the sensitivity of spruce growth to summer droughts could be observed since approximately the 1950s (Eckstein and Krause 1989; Neumann 2001; Piovesan et al. 2003; Wilmking et al. 2005; Dobbertin and Giuggiola 2006) . The future warming might therefore prove favourable for growth of European beech compared to Norway spruce.
Conclusions
Both disturbance studies and long-term growth analyses point to a future loss of Norway spruce's competitive superiority over European beech due to climate change, at the northern margin of beech's distribution range. Compared to beech, spruce appears to be more sensitive to interacting abiotic and biotic impacts like storm, drought and bark beetle attacks, all believed to increase considerably with future climate change in southern Scandinavia. Recent warming has already favoured the long-term growth of beech relative to spruce. In particular, the expected climate change-induced damage to the emergent and overstorey spruces may further promote competitive ability of beech compared with spruce. Disturbances due to short to medium term weather extremes have to be regarded as key processes for both a future expansion of European beech range and a future narrowing of Norway spruce range in Scandinavia towards the north. Thus, southern Sweden may be regarded in the future as the southern margin of Norway spruce distribution rather than as northern margin area of European beech range (cf. Grundmann 2009).
